Introduction
What is DNA Barcoding?
DNA barcoding is a molecular identification tool that relies on "universal" primers using polymerase chain reaction (PCR) that amplifies a short fragment of mitochondrial DNA (mtDNA, 650 bp of cytochrome c oxidase subunit 1, COX1 or COI) for species identification.
1 This technique is widely used in ecological and conservation studies as morphological study is impractical. 2 One of the taxonomic challenges of morphological study is the introduction of cryptic species (two or more morphologically identical species grouped as a single species). 3 Fortunately, DNA barcoding can overcome this impediment. Using DNA barcoding, at least 10 cryptic species of a neotropical skipper butterfly species (Astraptes fulgerator) were revealed in northwestern Costa Rica; cryptic species are prevalent in the tropical regions. 4 Furthermore, some genetic markers of certain taxa are not suitable for species identification. For example, 18S ribosomal DNA (rDNA) and 28S rDNA of freeliving marine nematodes are usually unable to identify these nematodes up to the species level. 5 Hence, DNA barcoding was used that reliably identified a wide range of free-living marine nematodes up to the species level. 5 DNA barcoding benefits a lot of organizations that are involved with invasive species, control of agricultural pests, and food safety for human health. 6 DNA barcodes are publicly available in the Barcode of Life Data (BOLD) Systems 7 for the general access of biological attributes and names of any species worldwide. 6 Due to DNA degradation, full length of DNA barcodes is hard to obtain. 8 Hence, primers that target a shorter fragment of COI (100-344 bp) have been designed and used on degraded samples, such as museum samples, 8 gut contents, 9 and stool samples. 10 With all the advantages, nevertheless, there are few disadvantages of using DNA barcoding. 11, 12, 14, 17 A few authors 11, 12 suggested that nuclear mitochondrial pseudogenes (numts, copies of nonfunctional mtDNA found in the nucleus) are problematic for DNA barcoding because the presence of numts may incorrectly overestimate the number of species. However, a previous study suggested that numts could be identified easily by detecting stop codons among the amplified COI sequences using amino acid translation as numts are noncoding. 16 ) that DNA barcoding failed to identify up to the species level. DNA barcoding has high error rates in discovering animal species in large scale biodiversity surveys.
17
Nevertheless, DNA barcoding has been a standard tool for species identification and has also been used widely in both ecology and medical fields.
Application of DNA Barcoding in Medical Parasitology
The use of DNA barcoding has gained much interest in medical parasitology in recent years. 18 DNA barcoding has been applied to the study of medically important arthropods, such as bloodsucking dipterans (e.g., 19 black flies; 20 sand flies; and 21 mosquitoes). Through DNA barcoding, two cryptic species in one morphospecies of Simulium doipuiense complex were identified, and a high genetic diversity of black flies (S. nodosum, S. nigrogilvum, and S. doipuiense complex) was found in Thailand. 19 DNA barcoding was proposed to be a useful tool for epidemiological study of leishmaniasis because this technique was able to reveal the differentiation and cryptic diversity of sand fly population. 20 In India, the first DNA barcode of Anopheles niligricus was deposited into the National Center for Biotechnology Information (NCBI).
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Other than bloodsucking dipterans, DNA barcoding has also been used to study ectoparasites such as mites, 22 fleas, 23 and lice. 24 Sarcoptes mites in China were successfully identified up to the species level based on DNA barcodes (i.e., COI) but failed to identify up to the species level based on its rDNA and 16S mtDNA sequences. 22 Through the phylogenetic study based on COI, cat fleas (Ctenocephalides felis) from Georgia, United States were morphologically similar to each other but were revealed to be a subspecies closely related to the African cat flea (C. felis strongylus). 23 For head louse (Pediculus humanus), divergence time estimates based on COI suggest that the earliest split of P. humanus clades (A, B, C, D, and E) occurred slightly more than 1 million years ago.
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Other than ectoparasites, endoparasites such as whipworms (Trichuridae), 25 hookworms (Ancylostomatidae),
26
flatworms (Digenea), tapeworms (Cestoda), 27 and filarioid worms (Spirurida) 28 were also studied using DNA Together with schistosomiasis, STH infections represent more than 40% of the disease burden caused by all tropical diseases except malaria.
31 By using a metric measurement known as Disability-Adjusted Life Year (DALY), that is, the number of years lost from premature death or disability, it was reported that STH infection results in 40 million DALYs lost annually, which accounts for approximately 20% of DALYs lost due to infectious diseases globally. 32 STH infections rarely cause death; however, recent estimates attributed 65,000 annual deaths to hookworm infections, 60,000 annual deaths to ascariasis, and 10,000 annual deaths to trichuriasis. 33 The morbidity caused by STHs is most commonly associated with infections of moderate to heavy intensities. 34 Certain groups of people, including preschool children, school-aged children, and women of child-bearing age, are more susceptible to higher morbidity and mortality rates than others. 35 Therefore, STH infections are among the greatest challenges to health and economic development in developing countries. Despite the fact that STH infections are highly prevalent, disability-inducing, and poverty-promoting, they are classified among the neglected tropical diseases (NTDs). 29 These diseases are classified as "neglected" because they persist exclusively in the poorest populations often living in remote, rural areas; urban slums; or in conflict zones, and have been largely eliminated elsewhere and thus are often forgotten. A. lumbricoides is probably the first etiologic agent of infection ever described in humans with descriptions of the parasite going back to ancient times and the first scientific description dating back to 1683. 36 The adult worm preferentially resides in the jejunum where it orients itself with its head facing the direction of intestinal flow. 37 During early infections, the invasive larval stages of A. lumbricoides elicit a host eosinophilic inflammatory response in the liver (hepatitis) and lung (Loffler's pneumonitis). The phase of larval migration is a distinctive type of pneumonitis known as Loffler's syndrome (characterized by a mild group of symptoms; a scarcity of physical signs; a blood eosinophilia varying from less than 10 to 60%; a benign course and spontaneous healing within a period of 2 to 3 weeks; and transient pulmonary infiltration).
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Moreover, intestinal and bile duct obstructions are the most common complications associated with ascariasis.
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T. trichiura is a whip-like worm with a wider posterior section and a long, finely attenuated anterior end. The larva buries its entire body in the epithelium of the large intestine forming a tunnel. As the worm matures, its posterior end is extruded from the tunnel and hangs freely into the lumen of intestine. T. trichiura causes host injury both through direct effects by invading the colonic mucosa and through the systemic effects of infection. The cecum is the preferential site for invasion although heavy infections extend throughout the colon and even distally to the rectum. Contact of the anterior end of the adult worm with the mucosa of large intestine causes inflammation resulting in the disruption of normal colonic architecture. 35 In severe chronic infection, the mucosa becomes edematous and friable that leads to rectal bleeding (whipworm dysentery) with abdominal pain and rectal tenesmus. There are two major genera of hookworms that affect humans; Necator and Ancylostoma that are characterized by the presence of oral cutting organs in the adult stages. 40 The major representative of the genus Ancylostoma to infect and complete development in humans is A. duodenale. There are significant pathobiological differences between the two major human hookworms. The adult worms live in the small intestine (particularly in jejunum) of humans attaching themselves to the intestinal epithelium by means of their mouth part. Hookworm induces blood loss directly through mechanical rupture of host capillaries and arterioles followed by the release of pharmacologically active polypeptides, including anticoagulants, antiplatelet agents, and antioxidants.
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Chronic intestinal bleeding causes hookworm-induced protein loss and iron deficiency anemia. In addition, hookwormassociated iron deficiency during childhood is partly responsible for its physical and mental growth retardation effects.
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The growth stunting effects of hookworm are well-documented by the early part of the 20th century, 43 as were some of the effects of hookworm on intelligence quotient. S. stercoralis, known as threadworm, is an opportunistic nematode. Adult worms reside in the wall of the small intestine. The adult female is parthenogenic (self-fertilizing), and rarely seen in stools. The female is ovoviviparous. Pulmonary symptoms may be present during the migratory phase of the filariform larvae in the lungs. Diarrhea and abdominal pain caused by the adult worms frequently accompany the intestinal phase of the disease. 35 In immunocompromised individuals, autoinfection may lead to hyperinfection syndrome, which may occur years after the initial infection. The characteristic clinical features of hyperinfection syndrome are larva currens and dissemination of filariform larvae to the extraintestinal organs. During autopsy, larvae may be found in many organs such as liver, lungs, heart, kidneys, and brain. Sepsis and meningitis, often polymicrobial, may develop with the spreading of enteric bacteria from intestine into the circulation.
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STH infections are global public health problems because of their high prevalence and consequences. Almost all tropical and subtropical regions are affected by STH infection, especially among children. 44 Certain STH infections (i.e., ascariasis and trichuriasis) are the most intense among children aged 5 to 15 years, 45 which might be due to low immunity. 46 STH infections are more prevalent among the malnourished aboriginal children due to poverty. 47 Unsupervised children are unaware of healthcare and hygiene and so are easily exposed to STH infections. 47 Children who do not wash their hands before eating and after defecation have a significantly higher prevalence of STH infections. 48 Also, they like to play outdoors;
hence, tend to get infected through active exposure (i.e., exposed to contaminated environmental water; recreational bathing at streams or lakes) or passive exposure (i.e., exposed to contaminated water collected and used by another person), resulting in reexposure to STHs. 49 Other than contaminated water, children also tend to be infected by STHs through contaminated soil by being bare footed outdoors.
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United Nations agencies and other nongovernmental organizations (NGOs) have dedicated their efforts to minimize and eradicate STH infections among the communities at a high risk of STH infections. Despite these efforts and interventions to control STH infections, approximately 70% of school-aged children with a risk of STH infection are still not protected by deworming treatment. 44 Several studies in different Southeast Asian countries, including Malaysia (see ►Fig. 2 for combined STH data in Peninsular Malaysia), Thailand, Indonesia, and Vietnam, have revealed a temporal relationship between STH infections and protein-energy malnutrition (PEM), iron deficiency anemia (IDA), vitamin A deficiency (VAD), poor cognitive functions, and poor school participation among children.
51,52
The World Health Organization (WHO) indicated that STHs may have a negative impact on the economic development of communities and nations, resulting from failure to treat infected school-aged children. These children are often physically and intellectually compromised by anemia, leading to attention deficits, learning disabilities, school absenteeism, and higher dropout rates, and this may yield a generation of adults disadvantaged by the irreversible sequelae of infections. Hence, benefits of successful STH control programs extend well beyond eliminating STH infections as they improve the growth and physical fitness of children, as well as contribute to higher educational attainment, labor force participation, productivity, and income among the most vulnerable populations.
The negative consequences of STH infections may continue into adulthood with effects on the economic productivity that trap the communities at risk of infection in a cycle of poverty, underdevelopment, and disease. 53, 56 It is well-documented that obtaining more education leads to a higher adult income, and thus, the effect of mass deworming on school participation should be central to any reasonable policy analysis for the future development of the individual and society. Moreover, several reports from different parts of the world argue that eradication of the most prevalent intestinal helminth infections is a very high return investment. 57 For instance, the Gross National Product (GNP) increased in Japan just after the successful control of parasitic diseases including STH infections. This means that improved public health conditions preceded economic growth. 58 Within this context, the importance of burden of tropical diseases including STH infections in impeding economic development of developing nations has received a considerable attention in recent years. Furthermore, there is now a broad agreement that they should be a priority for the improved health in large parts of the world population. The WHO regarded the control of schistosomiasis and STH infections among the top five health priorities within the global massive effort against poverty.
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Importance of Using DNA Barcoding on STHs
An adult whipworm from humans and nonhuman primates can be differentiated using morphological study. 60 However, in addition to the difficulty in obtaining adult worms from animals (e.g., primates), well-preserved mature nematodes are required for morphological study. 61 Hence, misidentification of the parasitic worm could result in misleading zoonotic potential of that particular parasitic worm (e.g., whipworms 61 ). Fortunately, DNA barcoding may overcome this taxonomic impediment (i.e., cryptic species). 62 A few authors 63, 64 suggested that mtDNA may be useful for phylogenetic and interspecific studies of certain parasitic nematodes. For whipworms, the COI sequences of T. suis and T. trichiura were analyzed and both were found to be distinct species. 63 While, cross-transmission of T. trichiura between nonhuman primates and humans based on DNA barcodes has also been identified. 25 However, COI gene is still not con- Based on DNA barcodes, one Ascaris species was commonly found in both humans and pigs, suggesting the zoonotic potential of Ascaris. 66 For hookworms, N. americanus and A.
duodenale were found to be two distinct species based on DNA barcodes, and suggested that DNA barcoding is a useful tool to identify these two hookworm species. 
Conclusion and Future Prospects
Despite the growing popularity of DNA barcoding and its reliability in species identification, the study of STHs using DNA barcoding is limited and results in the paucity of STH sequences in the gene bank database, especially T. trichiura. 61 The keywords, "Ancylostoma duodenale," "Ascaris lumbricoides," "Necator americanus," "Trichuris trichiura," and "COI" were used to search for publicly available COI sequences of STHs in two gene banks (i.e., NCBI and BOLD) on November 24, 2016. There were 21 COI sequences of A. duodenale, 65 COI sequences of A. lumbricoides, 64 COI sequences of N. americanus, and 7 COI sequences of T. trichiura available in NCBI, whereas there was only 1 COI sequence of A. duodenale, 1 COI sequence of A. lumbricoides, 1 COI sequence of N. americanus, and no COI sequence of T. trichiura available in the BOLD (►Table 1). Based on past experience, universal primers (e.g., COIFmod and COIRmod for Trichuridae nematodes) 71 work well in PCR amplification of DNA of adult worms isolated from hosts. However, in the case of stool samples with the presence of oocysts but absence of adult worms, even after oocyst isolation, universal primers tend to PCR amplify host DNA instead of the oocyst DNA. This might be due to a higher DNA concentration of host DNA and primer bias. Future research may focus on designing new primers based on COI sequences that specifically PCR amplify certain STH species sequences to prevent primer bias and speed up laboratory diagnosis. These primers could be designed at different lengths and used for multiplex PCRs to identify different STH species in one sample (e.g., stool, soil, or water) simultaneously. DNA barcoding of STHs in humans, especially children who are more prone to STH infections, animals, and environmental samples (including soil and water), is recommended to be conducted at a large scale to identify more cryptic and new species of STHs and to build a larger reference library of STHs in the gene banks (especially BOLD database). This would be useful for monitoring epidemiological data in terms of infection rate and disease burden so that preventive measures can be taken appropriately. 
